ABSTRACT The current emerald ash borer survey trap used in the United States is a prism trap constructed from a stock purple corrugated plastic. In recent years, several colors (particularly shades of green and purple) have been shown to be more attractive to the emerald ash borer than this stock color. Our goal was to determine if plastics produced with these colors and incorporated into prism traps can improve and serve as a new alternative to plastics already in use for the emerald ash borer survey. The plastics were tested in moderate to heavily infested areas in Michigan in two initial studies to test their effectiveness at catching the emerald ash borer. Because results from studies performed in heavily infested sites may not always correspond with what is found along the edges of the infestation, we compared trap catch and detection rates (recording at least one catch on a trap over the course of the entire trapping season) of several trap types and colors at sites outside the core of the currently known emerald ash borer infestation in a nine-state detection tool comparison study. Two of the new plastics, a (Sabic) purple and a mediumÐ dark (Sabic) green were incorporated into prism traps and tested alongside a standard purple prism trap and a green multifunnel trap. In areas with lower emerald ash borer density, the new purple (Sabic) corrugated plastic caught more beetles than the current purple prism trap, as well as more than the mediumÐ dark green (Sabic) prism and green multifunnel traps. Sabic purple traps in the detection tools comparison study recorded a detection rate of 86% compared with 73, 66, and 58% for the standard purple, Sabic green, and green multifunnel traps, respectively. These detection rates were reduced to 80, 63, 55, and 46%, respectively, at low emerald ash borer density sites.
Electroretinogram assays demonstrated that male and female emerald ash borers are sensitive to light in the ultraviolet (UV), violet, and green (420 Ð 430, 460 , and 530 Ð560 nm, respectively) ranges of the visible spectrum, while mated females are also sensitive to light in the red (640 Ð 670 nm) range (Crook et al. 2009 ). Trapping studies have shown that green traps (Crook et al. 2009 , Francese et al. 2010 painted in the midrange (22Ð 67%) of reßectance (brightness) and purple traps painted with a color originally shown to be attractive to buprestids were most attractive to the emerald ash borer (Francese et al. 2010) . The current emerald ash borer detection and survey trap used in the United States is a glue-coated prism trap constructed from a stock purple corrugated plastic (USDAÐAPHISÐPPQ 2013) . Recently, green multifunnel (Lindgren funnel) traps (produced in a shade of green found to be attractive to the emerald ash borer) have been shown to be a promising tool for catching the emerald ash borer (Francese et al. 2011) . These traps eliminate the need for an adhesive coating and provide a reusable, more user-friendly tool for surveyors.
While visual cues are important for the emerald ash borer, host-produced olfactory stimuli appear to be just as important. Crook et al. (2008) found a suite of six sesquiterpene compounds in girdled ash bark that elicited antennal responses in adult A. planipennis. These compounds produced greater responses in mated females than in males or virgin females . Four of the compounds, ␣-copaene, ␣-cubebene, trans-b-caryophyllene, and ␣-humulene are present in an essential oil distillate (manuka oil) of the New Zealand tea tree, Leptospermum scoparium J. R. and G. Forst (Myrtacea) . A distillate from the Brazilian walnut, Ocotea porosa Mez. (Lauraceae) contains the same four compounds plus a Þfth antennally active compound, 7-epi-sesquithujene (Crook et al. 2008) , also found in ash. Stressed ash leaves also produce compounds that are antennally active to the adult emerald ash borer (RodriguezÐSaona et al. 2006) . Among ash green leaf volatiles, the largest antennal response elicited in males was produced by (3Z)-hexenol (de Groot et al. 2008 ). This compound has been shown to increase A. planipennis trap catch (Grant et al. 2010 Poland et al. 2011; Crook et al. 2012) .
Results from studies performed in heavily infested sites may not always correspond to those found in low beetle population density sites (Marshall et al. 2009 (Marshall et al. , 2010 McCullough et al. 2011 ). Marshall et al. (2010 found that purple prism traps had a higher detection rate (catch of at least one beetle) in low-density outlier infestations along the edges of emerald ash borerÕs current range, while having a lower beetle yield per trap than green traps in Michigan, where population densities are very high. Current survey traps hung in the lower canopy (Ϸ4 Ð 6 m) of an ash tree are baited with a manuka oil and (3Z)-hexenol lure. Several new corrugated plastics have been produced in colors matching those shown to be attractive to the emerald ash borer. We compared several of these to each other in two studies conducted in high population density sites in southeastern and southÐ central Michigan. We then compared the most effective colors with the current emerald ash borer trap and a new green multifunnel trap in a multi-state detection tool comparison study. The states chosen for this study were mostly on the periphery of the known emerald ash borer infestation: Indiana, Kentucky, Maryland, Minnesota, Missouri, New York, Pennsylvania, West Virginia, and Wisconsin.
Materials and Methods
Traps. In the experiments reported here, two painted and Þve plastic prism trap colors, one purple wax-coated cardboard and one multifunnel color were tested. Tangletrap insect trapping glue (Contech, Grand Rapids, MI) was applied to the outer surface of all prism traps. Beetles were removed from the glued trap surface using soft forceps and placed in plastic zippered bags. A single, labeled bag was used for all the beetles from a single trap. Rain-X Original Formulation (SOPUS Products, Houston, TX) was applied to the inside and outside of the funnels and polished using a microÞber towel. For multifunnel traps, wet collection cups were Þlled with 150 Ð200 ml of propylene glycol used as a surfactant and preservative (Arctic Ban, Camco, Greensboro, NC). During periodic checks, the contents of each trap cup were strained using a paper paint Þlter. Paint Þlters were then placed in individual, labeled Whirl-Pak sampling bags (Nasco, Fort Atkinson, WI) with 2Ð5 ml of ethanol added for preservation until sorting and identiÞcation could be conducted.
Reflectance Curves. The paint and plastic colors were scanned using a FieldSpec Pro (Analytical Spectral Devices Inc., Boulder, CO) contact probe spectrophotometer set to full range (350 Ð2500 nm) scan mode to measure reßectance curves described below (Figs. 1 and 2; methods described by Crook et al. 2009 ).
Painted Prism Traps. For the paint colors, two coats of the primer (Preprite B51W50; Sherwin Williams Co., Richardson, TX) tinted using a dark gray pigment (P5, Sherwin Williams Co.) were applied to translucent three-panel prism traps (35.0 by 58.75 cm each; described by Francese et al. 2008 ) and allowed to cure for at least 1 d. Next, 2Ð 4 coats of a single paint color were applied to a primed trap until the primer was no longer visible. Painted traps were allowed to cure for at least 1 d inside after painting and for up to 7 d outside before glue application. The two colors used for this study were "TSU purple" and "dark green." TSU purple (430 nm, 21.0% reßectance and 665 nm, 15.1% reßectance; Fig. 1 ) was found to be an attractive color for many species of buprestids, including some members of the genus Agrilus by Oliver et al. (2002) . Francese et al. (2010) found it to be attractive to A. planipennis. Dark green paint (SW6931 Jolly Green, Sherwin Williams Co.; 530 nm, 48.9% reßectance; Fig.  2 ) was highly attractive to A. planipennis in previous studies (Francese et al. 2010) . Both paints were mixed at Sherwin Williams Paint and Stain Wallpaper store in E. Falmouth, MA.
Corrugated Plastic Prism Traps. Standard purple plastic (stock color manufactured by Coroplast Inc.; Fig. 1 ) was found to be attractive to A. planipennis in previous studies by Francese et al. (2005 Francese et al. ( , 2008 and Crook et al. (2009) . Coroplast green (540 nm, 64.7%), based on a match (Francese et al. 2010 ) to the light green color was found to be attractive in Þeld assays (Crook et al. 2009 , Francese et al. 2010 Cardboard (Cardstock) Prism Traps. A purple, waxcoated, single-layer cardboard prism trap (Springstar Inc., Woodinville, WA) was also developed as an alternative to the bulkier corrugated plastic trap. This trap was created using a color match to the standard purple ( Fig. 1) .
Multifunnel Traps. Green plastic multifunnel (Lindgren funnel) traps (12-unit; Chemtica Internacional, San Jose, Costa Rica) were the same as those described by Francese et al. (2011; Fig. 2) .
Evaluation of Painted and Plastic Colors for Prism Traps. For prism trap color comparison studies in 2010 and 2011, traps were hung in a randomized complete block design along the edges of white (Fraxinus americana L.) and green (F. pennsylvanica Marshall) ashdominated woodlots. Within each trap line (treated as a replicate), unbaited traps were hung in adjacent host trees with ropes and hoisted to the desired height in the lower canopy (Ϸ5Ð 8 m). In 2010, the following trap colors were tested: standard (Coroplast) purple plastic, Sabic purple plastic, Coroplast green plastic, Sabic green plastic, TSU purple paint, and dark green paint. The TSU purple and dark green paints were not tested in 2011, and purple cardstock and Vidmar purple plastic traps were used instead. In 2010, 12 lines were placed at three sites (n ϭ 4, n ϭ 3, n ϭ 1) in Perry Township, Shiawassee County, MI, and at one site Evaluation of Detection Tools in Outlying Infestation Sites. In total, 96 trap lines (treated as replicates) of four traps each were placed in a randomized complete block design in the following states: Indiana (n ϭ 12), Kentucky (n ϭ 12), Maryland (n ϭ 10), Minnesota (n ϭ 10), Missouri (n ϭ 10), New York (n ϭ 14), Pennsylvania (n ϭ 10), West Virginia (n ϭ 7), and Wisconsin (n ϭ 11). The four trap designs tested in each trap line included three prism traps (standard purple, Sabic purple, and Sabic green), and a green multifunnel trap. Traps were placed at least 30 m apart from each other within lines, and trap lines were placed at least 800 m from each other within states. Traps were hung in white and green ash trees with ropes and hoisted to the desired height in the lower canopy (Ϸ5Ð 8 m). All four designs were baited with a manuka oil (50 mg/d) and (3Z)-hexenol (50 mg/d) lure. Depending on the state being surveyed, traps were placed in the Þeld from late April to early June. Traps were Þrst placed in southern states, that is, Missouri, Maryland, and Kentucky, in anticipation of earlier ßight by the emerald ash borer, then in the more northern states. Traps were checked periodically (once every 2 wk to monthly) from mid-May to mid-August, depending on the state surveyed.
Statistical Analyses. In all assays, collected beetles were sexed and counted for each trap over the entire Þeld season. Summed catch was log-transformed (y ϩ 0.5) before statistical analysis. One-way analyses of variance (ANOVA) was performed on total number of A. planipennis adults captured per trap, with main effects for trap color (2010 and 2011 corrugated plastic evaluations) or trap type (2011 detection tools comparison; Systat 12, Systat Software, Inc., Chicago, IL). For each ANOVA with signiÞcant main effects, means were separated using TukeyÕs honestly signiÞcant difference (HSD; ␣ ϭ 0.05). The sex ratio for each trap was calculated as the proportion of males caught to the total number of beetles caught throughout the trapping season. Sex ratio data were arcsine-square root transformed before statistical analysis. A one-way ANOVA was performed on the sex ratio per trap with main effects for trap color. CIs (95%) were calculated from the SE of the transformed trap catch and sex ratio data. Means and CIs were then back transformed for presentation.
Of the 96 replicates in the detection tools study, 5 were lost to Mississippi River ßooding in Missouri and no beetle catches were recorded in an additional 14 (3 in Kentucky, 6 in Minnesota, and 5 in New York). The 77 replicates that caught at least 1 beetle were used for the analyses. Marshall et al. (2009) deÞned low and high density sites based on visual signs and symptoms on trees and larval density. A natural break in total A. planipennis trap catch was recorded between low (Յ87) and high (Ն273) density sites. We used these same numbers to deÞne low (n ϭ 56) and high (n ϭ 7) density sites. Sites with trap catches between 88 and 272 were classiÞed as medium density (n ϭ 14). Chisquare tests were used to identify independence of A. planipennis detection from trap types for the overall catch and catch at low emerald ash borer population density sites. Detection was deÞned as Þnding at least a single beetle on a trap, and this was recorded as a binary response (yes or no) over the entire Þeld season for the purposes of analysis. Additional pairwise 2 tests were used to compare detection rates between traps for the overall study and for the low density sites, with an adjusted ␣ value (0.008) by means of BonferroniÕs correction.
Results

Evaluation of New Corrugated Plastics for Prism
Traps. In 2010, trap color (F ϭ 6.50; df ϭ 5, 55; P Ͻ 0.001) and trap line (F ϭ 2.55; df ϭ 11, 55; P ϭ 0.011) inßuenced mean total catch per trap. All three green colors (paints and plastics) and the new purple plastic caught signiÞcantly more adult A. planipennis than the standard purple plastic, but there were no other signiÞcant differences among colors (Table 1) . The proportion of males caught on traps was signiÞcantly inßuenced by trap color (F ϭ 9.86; df ϭ 5, 53; P Ͻ 0.001) and trap line (F ϭ 2.12; df ϭ 11, 53; P ϭ 0.034). All three green colors and the new purple plastic caught a higher proportion of males than the standard purple plastic (Table 1 ). The dark green paint and light green plastic also caught a higher proportion of males than the TSU paint.
In 2011, trap color (F ϭ 4.48; df ϭ 5, 55; P ϭ 0.002) and trap line (F ϭ 4.83; df ϭ 9, 55; P Ͻ 0.001) again inßuenced mean trap catch of A. planipennis on prism traps. Sabic and Vidmar purple traps caught more beetles than purple cardstock traps, while Sabic purple traps also caught more beetles than Coroplast green plastic traps (Table 2 ). There were no other signiÞcant differences among traps. The proportion of males caught on traps was signiÞcantly inßuenced by trap color (F ϭ 7.03; df ϭ 5, 44; P Ͻ 0.001) and trap line (F ϭ 3.83; df ϭ 9, 44; P ϭ 0.001). Sabic green plastic caught a higher proportion of males than the standard purple plastic and light green plastic ( Table 2 ). The purple cardstock and Vidmar purple plastic also caught a higher proportion of males than the light green plastic.
Evaluation of Traps in Outlier Infestations. Trap type (F ϭ 12.13; df ϭ 3, 228; P Ͻ 0.001) and trap line (F ϭ 7.98; df ϭ 76, 228; P Ͻ 0.001) inßuenced mean trap catch of A. planipennis on prism traps. Sabic purple prism traps caught more A. planipennis than the other trap types, but there were no signiÞcant differences among any of the other trap types (Table 3) .
At sites where A. planipennis was detected, detection was not independent of the trap type used on all traps at sites with detections ( 2 ϭ 14.88; df ϭ 3; P ϭ 0.002). Sabic purple prism traps had a higher number of detections than the green prism and multifunnel traps, but there were no signiÞcant differences among any of the other trap types (Table 3) . Although a 100% detection rate was recorded on all traps at high density sites and at or near it at the medium density sites, the detection rates on traps were not independent of trap type at low density sites ( 2 ϭ 14.64; df ϭ 3; P ϭ 0.002). Sabic purple had a greater number of detections than the green prism and multifunnel traps, but there were no signiÞcant differences among any of the other trap types (Table 3 ). The median catch among the 4 trap types for the 56 sites designated as low density was 7.5 beetles, with Յ9 beetles caught at 31 sites. These 31 sites were spread among eight of the nine states where the study was conducted, excluding West Virginia. In total, a site catch Ͼ400 beetles was recorded at 2 sites, 1 in Indiana (407) and 1 in West Virginia (483). Of the 15 sites where detection was recorded on only 1 of the 4 trap colors and types, but not on any of the others, single detection was recorded on Sabic purple prisms, standard purple prisms, Sabic green prisms, and green multifunnel traps 10, 2, 2, and 1 times, respectively.
Discussion
Purple corrugated plastic prism traps, in the improved shade based on TSU purple (manufactured by Sabic and Vidmar), currently appear to be the best tool for emerald ash borer detection. In heavily infested stands in Michigan, Sabic purple prism traps were not signiÞcantly different from green (light and dark) prism traps, while Sabic purple prism traps in the 2011 nine-state detection tools comparison study caught more adult A. planipennis per trap than their green and standard purple prism counterparts and the green multifunnel traps. They also had higher detection rates than the green traps both overall, and in the low density Þeld sites. Similar results have been found with purple traps, showing them to catch more A. planipennis (Marshall et al. 2010 and have higher detection rates (Marshall et al. 2010 than green counterparts at lower levels of infestation.
In Þeld trapping studies conducted in the core of the emerald ash borer infestation in southeastern and south-central Michigan, these traps caught numerically (in 2010), if not signiÞcantly (2011), more beetles than the standard purple traps. In the 2011 detection tools comparison, trap catch on Sabic purple traps was more than twice as high as the catch on standard purple traps. Increased detection rates may not always correspond with higher trap catch. However, Marshall et al. (2010) hypothesized that the risk of recording a false negative in an undetected but low density emerald ash borer population may be reduced by using traps that produce higher trap capture numbers. In our 2011 detection tools study, we placed traps at 15 sites, where only 1 trap of the 4 compared detected A. planipennis. Of these sites, 10 were detected by the a All data log (y ϩ 0.5) transformed before analysis. Back-transformed means and 95% CIs are presented. Letters denote signiÞcant differences between treatments (␣ ϭ 0.05; TukeyÕs HSD).
b All data arcsine (͌y) transformed before analysis. Back-transformed means and 95% CIs are presented. Letters denote signiÞcant differences between treatments (␣ ϭ 0.05; TukeyÕs HSD). a All data log (y ϩ 0.5) transformed before analysis. Back-transformed means and 95% CIs are presented. Letters denote signiÞcant differences between treatments (␣ ϭ 0.05; TukeyÕs HSD).
b All data arcsine (͌y) transformed before analysis. Back-transformed means and 95% CIs are presented. Letters denote signiÞcant differences between treatments (␣ ϭ 0.05; TukeyÕs HSD).
c Three cardstock traps fell apart during the season and could not be replaced because of limited supplies from the manufacturer.
Sabic purple prism trap, while 2 were detected by the standard purple prism trap.
The purple cardstock traps tested in the Michigan study in 2011, a close color match to the standard purple trap (Fig. 1) , were not as effective at capturing A. planipennis or as durable as their corrugated plastic counterparts. These traps caught the least number of beetles compared with any traps tested in 2011. In addition, 3 of the 10 traps tested fell apart before the end of the Þeld season. For our purposes, these traps were checked weekly, and if we had more traps of this kind available, we could have replaced them. Under conditions experienced in the yearly national survey for the emerald ash borer, traps placed in the Þeld may only be serviced once during the season (to change over lures) before trap takedown at the end of the season. Therefore, a more durable trap is needed to avoid the loss of valuable data.
In general, the catch on individual green traps is inconsistent from site to site, as shown by the much larger CIs associated with catch on these traps than on their purple counterparts. Green traps exhibit higher catch variation from trap to trap than purple traps of the same designs (Francese et al. 2010 (Francese et al. , 2011 . The shades of green used on these traps are believed to be similar to foliage-type stimuli (Crook et al. 2009 ). Placement of green traps may play a much greater role in catch numbers and detection because these traps appear to be more effective when they are camoußaged among ash leaves in the canopy, thereby reducing avoidance behaviors (Francese et al. 2010) . If the green traps are not placed in the canopy near the live crown, they may lose their effectiveness.
The lowest detection rate was recorded among the green multifunnel traps. The green plastic used for the multifunnel traps is based on a color match with the Sabic green prism traps and the mediumÐ dark green "Jolly Green" paint. These traps also appear to be prone to the inconsistencies in catch found among the green prism traps (Francese et al. 2011 ). Trap coating is also an important factor in catching A. planipennis when using multifunnel traps. Rain-X has been previously found to be the best trap coating tested at the time. It may be necessary to reapply Rain-X more than once during the Þeld season as had been done previously (Francese et al. 2011) . Recently, Graham et al. (2010) have shown that the ßuoropo-lymer, ßuon, when used to coat traps for cerambycids increases catch dramatically over Rain-X. Fluoncoated traps have also been shown to remain effective for several years following initial treatment (Graham and Poland 2012) . Initial studies have also shown that ßuon coated multifunnel traps increase the catch of A. planipennis over Rain-X coated traps (Lyons et al. 2012 , Francese et al. 2013 .
The current lure used by the Emerald Ash Borer Cooperative Survey and that we used in the detection tools comparison is a two-component mix of bark (manuka oil) and leaf volatiles ((3Z)-hexenol). Bartelt et al. (2007) identiÞed a macrocyclic lactone, (3Z)-lactone ((3Z)-dodecen-12-olide), that they speculated may be used as a pheromone by the emerald ash borer. This compound, when used in conjunction with (3Z)-hexenol on green prism traps signiÞcantly increased the catch over traps baited with host volatiles alone (Silk et al. 2011) . Ryall et al. (2012) also documented that this increase occurred when green prism traps were placed in the canopy of ash trees, and they hypothesized that placing traps in the upper canopy would increase trap catch and detection further. Ongoing studies will test whether this lure used at the current cooperative survey height (Ϸ4Ð6 m) could provide an additional tool to assist in the detection of the emerald ash borer. b All data log (y ϩ 0.5) transformed before analysis. Back-transformed means and 95% CIs are presented. Letters denote signiÞcant differences between treatments (␣ ϭ 0.05; TukeyÕs HSD).
c Pairwise 2 tests were used to compare A. planipennis detection rates between traps in the overall study and in the low density sites, with an adjusted ␣ value (0.008) by means of BonferroniÕs correction.
d Relative A. planipennis population density is based on results from Marshall et al. (2009) . Low and high population density sites were deÞned as Ͻ87 and Ͼ273 beetles caught per site, respectively. There were 14 sites that fell between these sites that we deÞned as medium density sites.
e Multifunnel traps were coated with Rain-X.
